I. INTRODUCTION
, and micro-ring resonators [5] . Generally, the sensing mechanisms are categorized into two main schemes. The first scheme is the detection of effective refractive index change in terms of homogeneous sensing, i.e., determined by refractive index modification of covered medium. The second scheme is surface sensing, i.e., interfered by changing the position of group of rods in a periodic structure or changing the shape of particular rod [6] , [7] .
Micro-ring resonators which consist of a ring resonator is positioned between two straight waveguides, have been reported as biosensors and biochemical sensors with good sensitivity due to high quality factor of resonant peak in output spectra [8] , [9] . The bio-sensing mechanism is based on the effective refractive index of the resonator that is changed due to analytes binding on it. The refractive index change of ambient fluidics or biomolecules bound on the surface of ring waveguide leads to the variation of resonant condition in turn shifts the resonant wavelength. In order to enhance the sensitivity by improving the quality factor of micro-ring resonator, the reduction of ring radius is required. However, it results increase in bending loss and radiation loss in conventional dielectric micro-ring waveguide. On the other hand, Photonic Crystals (PCs) structure provided a good solution to enable extremist small ring resonator with ultra-low bending loss owing to the excellent light confinement [10] .
Very promising ultra-compact devices for sensing applications can be obtained by composing PCs. Generally, PCs are patterned artificial materials with periodicity in dielectric constant in one, two or three dimensions, which can create a range of forbidden frequencies called Photonic Band Gap (PBG). The propagation of light within the band gap frequency range is prohibited [11] - [14] . The existence of PBG in PCs is more suitable for designing optical devices. The completeness of the periodicity and hence PBG can be disturbed by introducing the defects, which allow the guided modes to propagate inside this region. Among One Dimensional (1D) PCs, Two Dimensional (2D) PCs and Three Dimensional (3D) PCs, 2DPCs are receiving keen attention from the scientific community as they have attractive features including relatively easy fabrication, better confinement of light, efficient PBG calculation, effective control of spontaneous emission and easy integration compared to conventional devices.
Typically, there are two approaches are reported for optical sensing namely resonant wavelength detection/shift and intensity detection where the resonant wavelength detection and shift is preferred for sensing approach because the resonant peak of high quality factor enables high detection resolution. In the literature, initially, PC resonator sensors are integrated in microbeams and micro-cantilevers for force and mechanical strain detection [15] - [21] and protein detection [22] - [24] . Secondly the resonant wavelength of PCs resonator sensors are extremely sensitive to a small refractive index change attributed to medium around hole surface. By using a 2DPC micro-cavity based resonator, the measurement of ambient induced refractive index change via sensing the resonant wavelength shift has been demonstrated [25] . So far, the PC based sensor for protein detection is reported using line defects alone [26] [27] [28] [29] which could not able to detect the protein concentration properly.
Hence the attempt is made here to design the sensor to detect protein concentration using photonic crystal ring resonator.
In this paper, circular Photonic Crystal Ring Resonator (PCRR) based sensor is designed to sense the protein concentration over the range from 0% to 100%. The sensing characteristics such as Q factor, resonant wavelength, passband width and output efficiency are investigated. The rest of the paper is arranged as follows: In Section II, the structure design of circular PCRR based sensor is presented. Sensing characteristics are analyzed in Section III. In Section IV concludes the paper.
II. DESIGN OF RING RESONATOR BASED SENSOR
The perfect square lattice 21 × 21 PC structure is considered for designing the sensor. Figures 2(a) -2(g) sketch the schematic structure with its characteristics of sensor based on circular PCRR with different number of coupling rods placed at input and output ports of the in-line quasi waveguides. The sensor consists of two inline quasi waveguides in horizontal (г-x) direction and a circular PCRR between them. The inline quasi waveguides are formed by introducing line defects and the circular PCRR is shaped by point defects. The line defects are carried out by removal or change of the row or column of rods in uniform direction whereas removal or change of one or more rods in non-uniform direction is point defects. The inner, center and outer rods are placed in the inline waveguides which are denoted by 'i', 'c', and 'o' respectively.
The circular PCRR is constructed by varying the position of inner rods and outer rods from its original position towards center of the origin. The inner rods and outer rods are built by varying the position of adjacent rods in the four sides, from its center, by 25% in both 'X' and 'Z' directions. The position of the rods is varied by varying the lattice constant [24] .
To identify the optimum number of coupling rods required to be kept in the in-line waveguides for designing the sensor, there are seven different cases considered. The resonant wavelength, Q factor and the output efficiency of those structures with different numbers of coupling rods are listed in Table 2 . In Table 2 , the resonant wavelength, output power (intensity) and Q factor of the sensor structure with one-one coupling rod are 1590.5 nm, 99.5% and 477.83, respectively, where oneone indicates that the number of coupling rods in the input side and output side is one, whereas two-one dictates that the numbers of coupling rods in the input side and output side are two and one, respectively. Similarly, twoone (with 2a) represents the number of coupling rods in the input side and output side are two and one, respectively, where '2a' represents the distance between the two input coupling rods from the cavity. It is seen that an increase in the number of coupling rods sufficiently reduces the output power at the resonant wavelength. The resonant wavelength, Q factor and the output power of the structures in Figs. 2 (a)-(g) are listed in Table 2 which is already reported [31] . As the structure with one-one offers substantial performance which has considered for analysing the sensing characteristics. 
III. ANALYSIS OF SENSING CHARACTERISTICS
The refractive index of the protein concentration increases linearly while increasing the level (Percentage) of protein concentration. In the PC structure, an increase in the refractive index, the resonant wavelength of the sensor is shifting to the higher wavelength and vice versa. It is noticed that the refractive index around 0.0110 is increased while increasing the protein concentration by 5 percentage (%). By combining the aforementioned principle, the sensing characteristics are analyzed. If the protein concentration is entered into the structure, the refractive index of the sensor varies according to the protein concentration, and the resonant wavelength of the sensor shifts to the higher wavelength region or lower wavelength region.
The Plane Wave Expansion (PWE) method is employed to estimate the band gap and propagation modes of PCs structure without and with defects. The 2D Finite-Difference Time-Domain (FDTD) method is used to investigate the performance of the sensor. A temporal light pulse is launched into the inline quasi waveguide. The output signal is recorded by a power monitor at the output port. The output spectrum is obtained by applying the Fast-Fourier Transform to the temporal signal recorded by the power monitor. The output signal power from the power monitor positioned at the output port is normalized by the input signal power.
Figs. 3 (a), (b) and (c) depict the normalized output spectra of the sensor (Figure 2(a) ) at 0%, 50% and 100% of protein concentration, respectively. Here, variation of refractive index difference (delta) while changing the protein concentration is considered for analyzing the sensing possibility. The sensor is packaged in a fluidic channel, while analytes flow via the sensor the refractive index of the Si rods is changed. Owing to analytes, the refractive index of the sensor is varied which in turn the resonant wavelength is shifted.
It is clearly from the figure 3(a), 3(b) and 3(c), the resonant wavelenth of the sensor shifts to higher wavelength while incresing the protein concentration in the solution, as the increase in protein concentration resulting the increase in refractive index. The resonant wavelength, quality factor and output efficeincy of the senosr at 0% of protein concetration are 1532.5 nm, 153 and 65%, respectively. Similarly the resonant wavelength, quality factor and output efficeincy of the senosr at 50% and 100% of protein concetration are 1541.6 nm, 192 and 44%, and 1548 nm, and 1548.8 nm, 193.5, and 75%, respectively.
(c) 100% of Protein Concentration Fig. 3 . Normalized transmission spectra of sensor for protein concentration of (a) at 0% (b) 50% and (c) 100% efficiency and quality factor for the protein concentration of 0% to 100% are listed in Table 3 . The sensitivity and dynamic range of the proposed sensor is 5% and 100%, respectively. The observed results with accounted values are highly sufficient for sensing the protein concentration. Hence, the proposed sensor is suitable for real time medical field applications.
IV. CONCLUSION
In this paper, homogeneous, wavelength shift biosensor is proposed and designed for sensing the protein concentration using twodimensional Photonic Crystal Ring Resonator (PCRR). It is observed that the resonant wavelength of the sensor is shifted to higher wavelength while increasing the protein concentration as the protein has a unique refractive index for each level. Around 1.5 nm wavelength shift is noticed to higher wavelength for every increasing 5% protein concentration. The size of the sensor is 11.4 µm × 11.4 µm, which is much smaller than the conventional one. The proposed sensor is very small size and operated at faster speed, hence, the proposed sensor could be implemented for medical field applications. 
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